Questions: Hydrogeomorphic channel classifications are widely employed to understand natural phenomena in Earth sciences, but are rarely used in riparian vegetation studies. However, when these types of classifications correspond to physical process domains (discrete landscape units with consistent abiotic attributes), they may be useful in distinguishing habitat and vegetation types. We assessed the ecological significance of a hydrogeomorphic stream channel classification by addressing the following questions: (1) does perennial plant community composition differ among hydrogeomorphic channel types; (2) which species and functional groups contribute to compositional variation among channel types in the Sonoran Desert; and (3) what are the stream reach-scale geomorphic drivers of compositional variation?
| INTRODUC TI ON
Fluvial process domains may be broadly defined as segments of the riverscape where similarity in physical processes create similar habitat characteristics (Montgomery, 1999 ). This conceptual model of habitat spatiotemporal variability applies the principles of hierarchical patch dynamics (Forman & Godron, 1981; Wu & Loucks, 1995) to ecosystems organized along linear networks. The Process Domains Concept (Montgomery, 1999) , later expanded and incorporated into the Riverine Ecosystem Synthesis (Thorp, Thoms, & Delong, 2006) , identifies generalized channel types which exhibit consistent hydrogeomorphic conditions as a basis for understanding the physical and biological variation within stream networks. These frameworks hypothesize that within areas of similar climate, geology and physiography, ecosystem organization and biotic characteristics will be similar within channel types, and measurably different between channel types. A comparable approach has been widely applied to wetland plant ecology (Brinson, 1993) . Despite the intuitive appeal of this concept, explicit tests for ecological differences in plant communities among fluvial process domains are lacking (Thorp et al., 2006) .
Hydrogeomorphic channel classifications that characterize fluvial process domains are widely employed in geomorphology and engineering (Church, 1992; Montgomery, 1999; Thorne, 1997) , as well as aquatic ecology (Newson & Newson, 2000; Thorp et al., 2006) . However, these classifications are rarely used to understand spatial patterns of riparian vegetation (Naiman, Lonzarich, Beechie, & Ralph, 1992) . Instead, studies of riparian ecosystems have focused on the roles of lateral and longitudinal physical gradients in shaping vegetation patterns (Junk, Bayley, & Sparks, 1989; Vannote, Minshall, Cummins, Sedell, & Cushing, 1980; Ward & Stanford, 1995) , the hydrogeomorphic processes that support plant establishment and persistence (Bendix & Hupp, 2000; Hupp & Osterkamp, 1996; Scott, Friedman, & Auble, 1996) , and the complex biogeomorphic feedbacks between vegetation and channel processes (Corenblit, Tabacchi, Steiger, & Gurnell, 2007; Gurnell, 2014; Gurnell et al., 2016) . However, process domain concepts address significant limitations in continuum-based models, such as discontinuities associated with geologic boundaries and tributary junctions (Benda et al., 2004; Montgomery, 1999) .
Ecological patterns and processes within stream networks are strongly shaped by the spatial and temporal distributions of water (Fisher, Heffernan, Sponseller, & Welter, 2007; Larned, Datry, Arscott, & Tockner, 2010) , geomorphic disturbance (Benda et al., 2004; Montgomery, 1999) and biogeomorphic interactions (Gurnell et al., 2016) . The spatial distributions of riparian plants reflect differing tolerances along gradients of water availability and disturbance, in addition to biotic interactions (Bendix & Hupp, 2000; Hupp & Osterkamp, 1996) . Divergent responses of species to these drivers result in distinctive community types associated with particular hydrogeomorphic settings (Angiolini, Nucci, Frignani, & Landi, 2011; Bendix, 1994; Shaw & Cooper, 2008) . Thus, associations between vegetation composition and hydrogeomorphic channel types provide a means for evaluating ecologically meaningful differences in riparian habitat among channel types.
While species are the fundamental units in plant community ecology, analyses based on functional traits can provide additional insight into ecological processes (Merritt, Scott, Poff, Auble, & Lytle, 2010; Shmida & Burgess, 1988) . Plant growth forms (e.g., tree, shrub, grass) characterize differences in woodiness, canopy architecture and root distributions that often relate to spatial niche partitioning (Shmida & Burgess, 1988; Stromberg, 2013) . These morphological groups commonly differ in flood disturbance tolerance (Sandercock & Hooke, 2010) , patterns of water use (Davis & Mooney, 1986; Shmida & Burgess, 1988) and regeneration niche (Butterfield & Briggs, 2011; Cornelissen, Castro-Diez, & Hunt, 1996; Flores, Briones, Flores, & Sánchez-Colón, 2004) . Subdivisions of growth forms based on photosynthetic habit and leaf phenology (e.g., evergreen, drought-deciduous) reflect differences in physiological behaviour that allow temporal niche partitioning (Chabot & Hicks, 1982; Smith, Monson, & Anderson, 1997; Sperry & Hacke, 2002) .
Such functional trait combinations are expected to display distinctive responses to disturbance and resource availability (Petchey & Gaston, 2006) .
Increased focus on dryland riparian vegetation in recent years
has led to a growing global data set, but site-specific characterizations of environmental gradients have hampered broader understanding of spatial patterns. A recently developed hydrogeomorphic channel classification for arid ephemeral watersheds (Sutfin, Shaw, Wohl, & Cooper, 2014) provides a unique opportunity to test the long-standing hypothesis that discrete channel types associated with different process domains produce distinctive riparian plant communities (Montgomery, 1999; Thorp et al., 2006) . To test this hypothesis, we addressed the following questions: (1) does perennial plant community composition differ among hydrogeomorphic channel types; (2) which species and functional groups contribute width:depth ratio would correspond to compositional differences, due to their strong influence on flood disturbance and alluvial sediment storage.
| ME THODS

| Study area
The composition of perennial riparian vegetation was surveyed at 86 ephemeral stream reaches at the US Army Yuma Proving Ground, in the Sonoran Desert of southwestern Arizona, USA (Figure 1 ).
Topography in this arid region consists of low igneous mountain ranges separated by broad alluvial valleys (McAuliffe, 1999; Shreve & Wiggins, 1964) . Modern alluvium consists of gravel to cobbles in a sandy matrix, while piedmont surfaces are consolidated PlioPleistocene alluvium (Eberly & Stanley, 1978; McAuliffe, 1994) . The watersheds of our study reaches drain <0.1-22,500 ha, with elevations ranging from 60 to 845 m. Bi-seasonal rainfall is derived from Pacific frontal storms from Nov to Mar, and convective thunderstorms that occur from Jul to Sept (Sellers & Hill, 1974) . Mean annual precipitation ranges from 93 to 103 mm at nearby stations, with mean annual daily minimum and maximum temperatures of 13 and 32°C (NCDC stations #29654, 26865) . Upland vegetation consists of scattered microphyllous shrubs and subshrubs, primarily Larrea tridentata (creosote) and Ambrosia dumosa (white bursage) (Shreve & Wiggins, 1964; Turner & Brown, 1994) . Riparian plant communities are compositionally and structurally more diverse, and support the only trees in this landscape, such as Olneya tesota (desert ironwood) and Parkinsonia microphylla (foothills paloverde).
| The hydrogeomorphic channel classification
Previous analysis of stream networks in the Sonoran Desert identified five channel types common to arid mountainous watersheds (Sutfin et al., 2014) : bedrock, bedrock with alluvium, piedmont headwater, incised alluvium and braided channels. These channel types are distinguished using channel planform, composition of boundary materials and degree of lateral confinement (Figure 2 ). Bedrock channels are tightly confined by bedrock side slopes, and lack continuous alluvium. Bedrock with alluvium channels are also confined between bedrock valley walls, but contain persistent bed alluvium Consistent spatial zonation within watersheds and differences in geomorphic and hydrologic process rates among the five channel types correspond to distinctive fluvial process domains. Bedrock channels drain steep mountainous terrain, while bedrock with alluvium channels occupy narrow montane valleys. In contrast, incised alluvium and braided channels occur in lower watershed positions, such as piedmonts and alluvial valley floors. These channel types differ in geomorphic and hydraulic characteristics (Sutfin et al., 2014) , as well as alluvial depth and stratigraphy (D. Harry, unpubl). Variation in stream flow and alluvial characteristics among channel types produces distinctive subsurface moisture regimes (Kampf, Faulconer, Shaw, Sutfin, & Cooper, 2016) .
| Vegetation surveys
Representative study reaches were subjectively chosen to maximize geographic distribution and represent the range of geomorphic conditions for each channel type within accessible areas. We sampled 18 reaches in bedrock, bedrock with alluvium and incised alluvium channels, 19 reaches in piedmont headwater channels and 13 reaches in braided channels. Reach lengths were scaled to four chan- (Table 1) , comparable to those of Shreve and Wiggins (1964) , Lavorel, McIntyre, Landsberg, and Forbes (1997) and Scholes, Picket, Ellery, and Blackmore (1997) . Functional group assignments were based on published species accounts and field observations (Appendix S1).
| Geomorphic data
Geomorphic and hydraulic characteristics provided by Sutfin et al. (2014) were derived from topographic surveys along four equally spaced cross-sections in each study reach. Variables included bed slope and entrenchment ratio (Rosgen, 1994) , as well as bankfull measures of width:depth ratio, boundary shear stress and stream power. In addition, mean reach elevations were derived from 30-m DEMs, and total annual insolation was estimated using Solar Analyst in ArcMap 10.1 (Fu & Rich, 1999) .
| Data analyses
Differences in community composition among channel types were assessed using nonparametric PERMANOVA and distance-based tests of homogeneity for multivariate dispersion (PermDISP) (Anderson, 2001 (Anderson, , 2006 . Since the sample size for braided channels was smaller, and mean dispersion in this group was lower than or equal to other channel types, our PERMANOVA test results were likely conservative (Anderson & Walsh, 2013) . Sources of compositional differences among channel types were identified with Tukey-adjusted GLM (logit link) of untransformed relative density for each species and functional group. Reach-scale geomorphic drivers of compositional differences among channel types were identified as the subset of variables from the environmental similarity matrix (Euclidean distances from log 10 transformed values) that optimized Spearman rank correlations with vegetation matrices (Clarke & Ainsworth, 1993) . Vegetation matrices were Bray-Curtis similarity matrices relativized by sample unit totals for both species and functional groups. To minimize the influence of rare species whose erratic distributions do not strongly relate to site conditions, those occurring in <5% of sites were omitted from comparisons of species composition (McCune & Grace, 2002) . Prior to analyses, vegetation matrices were arcsine-square root-transformed to stabilize variance and to better represent subdominant community members (McCune & Grace, 2002) . The same analyses were used to determine compositional differences between channel types, sources of compositional differences and geomorphic drivers of differences in relative cover of species and functional groups (Appendix S3).
GLM comparisons were done in R 3.0.2 (R Foundation for Statistical
Computing, Vienna, AT) using the 'multcomp' package (Hothorn, Bretz, & Westfall, 2008) . All other analyses were performed with Primer v6
(PRIMER-E, Plymouth, UK). 
| RE SULTS
A total of 72 perennial plant species were observed across the 86 study reaches (Appendix S1). Only one exotic perennial species (Tamarix aphylla) was found in two braided channel reaches. Twentythree species occurred in <5% of samples (≤4 reaches) and were excluded from analyses of species composition. Species and functional group composition of the five channel types is described in greater detail in Appendix S2.
| Compositional differences among channel types
The composition and variability of species and functional group density differed (p < .002) among channel types (Table 2) . Channel type explained 23% to 28% of compositional variance (R 2 = SS model ÷ SS total ).
Species composition was significantly different in each channel type (Table 3 , Figure 3a ). Functional group composition was distinctive in bedrock, piedmont headwater and braided channels (Figure 3b ).
Similar patterns were evident for species and functional group cover, with distinctive composition in bedrock, piedmont headwater and braided channels (Appendix S3). Compositional variance was highest in bedrock channels (p ≤ .049), but was similar among other channel types (Table 3) .
| Sources of compositional differences
The mean density of drought-deciduous sub shrubs and shrubs, evergreen shrubs and trees, photosynthetic stem trees and epiphytic parasites differed among channel types (p < .001). The relative density of drought-deciduous sub shrubs was lowest in braided channels, but was similar among other channel types (Figure 4a ), as exemplified by Encelia farinosa (Figure 4f ). In contrast, braided channels had the highest densities of most shrub and tree functional groups Sources of compositional differences based on canopy cover of species and functional groups are shown in Appendix S3.
| Reach-scale geomorphic drivers of compositional differences
Compositional variation among channel types occurred primarily along co-varying gradients of bed slope and width/depth ratio ( Figure 3 ). Vegetation in braided channels was associated with the lowest bed slope and highest width:depth ratio, while vegetation along bedrock channels showed the opposite relationship. The remaining channel types occupied similar portions of the bed slope width:depth ratio spectrum, but distinctive floristic composition in piedmont headwater channels corresponded to lower stream power. Channel bed slope and width:depth ratio were identified in all of the highest-ranked subsets of abiotic variables corresponding to floristic differences among channel types (Table 4) . Stream reach elevation was also strongly related to differences in the density of species. Differences in species and functional group cover were best TA B L E 1 The 18 a priori plant functional groups used in this study. Functional groupings for each species and associated references are in Appendix S1 TA B L E 3 Significance for pair-wise comparisons of vegetation composition (PERMANOVA) and variability (PermDISP) among the five channel types F I G U R E 3 Non-metric multidimensional scaling ordination of the five channel types by relative density of species (a; stress = 0.169) and functional groups (b; stress = 0.111). Solutions are for three-dimensional ordinations, but only the first two dimensions are shown. BK, bedrock; BA, bedrock with alluvium; IA, incised alluvium; PH, piedmont headwater; BD, braided 
| D ISCUSS I ON
Our results demonstrate that channel types corresponding to different fluvial process domains are ecologically meaningful descriptors of riparian habitats and the vegetation that they support. In arid ephemeral watersheds of the Sonoran Desert, the hydrogeomorphic channel types described by Sutfin et al. (2014) support distinctive riparian plant communities. This finding confirms the hypothesized ecological significance of process domains and functional process zones (Montgomery, 1999; Thorp et al., 2006) . The composition of species and functional groups differs substantially between braided, bedrock and piedmont headwater channels. While different from other channel types, vegetation along incised alluvium and bedrock with alluvium channels is compositionally similar, but can be distinguished by the density of common species such as Encelia farinosa, Larrea tridentata and Olneya tesota. Analysis of channel geometry and hydraulics showed an analogous pattern of distinctive physical environments in braided, bedrock and piedmont headwater channels, and greater similarity between incised alluvium and bedrock with alluvium channels (Sutfin et al., 2014) .
Differences in the physical environments and vegetation of braided, bedrock and piedmont headwater channels correspond to their contrasting positions along the fluvial continuum within ephemeral watersheds of the Sonoran Desert (Figure 2 ). Braided channels within the study area typically occur in flat lowlands, where sediment supply exceeds transport capacity (Sutfin et al., 2014) , and recharge from infrequent floods is stored in thick unconsolidated alluvium (Kampf et al., 2016) . Extensive floodplain surfaces and shifting active channels provide diverse habitats for plant colonization. The abundance of large woody vegetation suggests that biogeomorphic feedbacks between vegetation and channel processes are most prevalent along braided channels (Francis, Corenblit, & Edwards, 2009; Gurnell et al., 2016) . Steep bedrock channels in mountainous terrain represent the opposite end of the continuum, where the scarcity of alluvium limits plant establishment sites, and vegetation development is constrained by disturbance from debris flows and flood scouring. Piedmont headwater channels occupy eroding bajadas (alluvial aprons) of moderate relief composed of consolidated sediments with low permeability that generate frequent runoff, but store less plantavailable water than channels with active alluvium (McAuliffe, 1994 (McAuliffe, , 1999 . In contrast, the similar geomorphic environments and vegetation of bedrock with alluvium and incised alluvium channels reflect their co-occurrence along the transition zone from mountainous uplands to lowland valleys. Active alluvium in both channel types permits varying degrees of subsurface water storage, but lateral confinement commonly limits riparian habitat to narrow floodplain benches subjected to periodic scour. Despite these similarities, differences in boundary materials between bedrock with alluvium and incised alluvium channels may produce divergent processes of channel adjustment and plant ecohydrological dynamics that were not apparent in our analyses.
| Compositional variation
Drought-deciduous sub shrubs are ubiquitous throughout ephemeral riparian habitats of the northern Sonoran Desert, particularly in the more xeric bedrock, bedrock with alluvium and piedmont headwater channels. Rapid growth rates allow them to colonize frequently disturbed sites, and drought-deciduous foliage enables them to utilize brief moisture pulses and minimize water demand during drought periods (Shreve & Wiggins, 1964; Smith et al., 1997) . Despite differences in water use and growth rates among leaf phenologies (Shmida & Burgess, 1988; Smith et al., 1997) , the majority of tree and shrub functional groups are most abundant along incised alluvium and braided channels. This is likely due to the greater rooting depths of large woody plants, which allow them to exploit deep water sources that may be inaccessible to other growth forms (Canadell et al., 1996; Schenk & Jackson, 2002) . The flexible and multi-stemmed canopies of shrubs are less susceptible to flood disturbance than the rigid stems of trees (Sandercock & Hooke, 2010) . Therefore, similar spatial distributions for shrubs and trees of diverse photosynthetic habits suggest that access to reliable water supplies in deep alluvium exerts greater influence than flood disturbance on the occurrence of large woody plants in our sites. Figure 2 shows a schematic diagram of differences in vegetation among the five channel types in the Sonoran Desert.
| Geomorphic drivers of vegetation composition
Bed slope is a primary driver of riparian community composition throughout ephemeral watersheds of the Sonoran Desert because it constrains vegetation development directly through fluvial disturbance, and indirectly through alluvial storage and subsurface water availability. As a primary determinant of stream flow velocity and sediment transport capacity (Knighton, 1998) , bed slope governs the disturbance regimes that directly affect plant communities (Baker, 1989; Bendix, 1997; Hupp, 1982) . Spatial variation in sediment transport and deposition controls the distribution and character of fluvial land forms, thereby influencing patterns of flood inundation that shape the distributions of plant species and vegetation types (Bendix, 1994; Bendix & Hupp, 2000; Hupp, 1982 Hupp, , 1986 . At larger spatial scales, bed slope and related covariates (e.g., stream power, width:depth ratio) affect the thickness and extent of active alluvium (Graf, 1987) . Substrate depth constrains water retention capacity in arid environments, and is a fundamental control on desert plant community composition (Kassas & Imam, 1954; McAuliffe, 1999; Shreve & Wiggins, 1964) .
The secondary effect of stream reach elevation on species composition probably reflects topographic influences on temperature and rainfall regimes, but elevation may also be a proxy for variation in substrate type. Within the study area, bedrock channels occur at the highest elevations and piedmont headwaters occur at moderate elevations, while incised alluvium and braided channels are found at the lowest elevations. Compositional differences in riparian vegetation along elevation gradients have been recognized in mountainous drylands elsewhere (Baker, 1989; Bendix, 1994; Engelhardt, Chambers, & Weisberg, 2015; Polvi, Wohl, & Merritt, 2011; Sieben, Mucina, & Boucher, 2009 ).
| Global relevance of the hydrogeomorphic channel classification
Although the channel classification examined here has not been previously applied in vegetation studies, differences in species and functional group composition between these channel types Italy (Angiolini et al., 2011; Nucci, Angiolini, Landi, & Bacchetta, 2012) . Floristic differences between bedrock with alluvium and incised alluvium channels have been observed in ephemeral stream networks of the southwestern USA (Shaw & Cooper, 2008) and northern Africa (Benhouhou et al., 2003; Kassas & Imam, 1954) .
The spatial patterns of riparian plant species and functional group composition differ between regions, since the physical and biological attributes of each channel type likely vary with climate, geology and biogeography. However, compositional differences among these channel types as reported in our study and the global scientific literature suggest that they comprise distinctive ecological process domains. 
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